In the paper a dynamic model of self-assembly of nanoparticles under laser field is proposed for research the possibility of a step-by-step assembly of a structure consisting of three particles with different form. The possibility of forming such structures with a predetermined geometry from a preformed pair of particles is considered.
Introduction and preliminaries
Recently, the problems of the electric dipole particles interaction with each other in an external field attract the interest of researchers in various fields of science and technology [1] . In particular, a theoretical study of the electric dipoles properties, their interaction and behaviour in an external electric field lead to the creation of a theory of dielectrics and the explanation of a number of physical effects [2, 3] . A simulation of the interaction of a large number of atmospheric dipoles with charged particles makes it possible to explain thunderstorm and other atmospheric effects [4] .
In recent decades, nanostructures with unique properties that differ from the properties of a bulk sample and are dependent on both composition and shape are actively being studied. Therefore, the question of developing an universal method for the formation of nanostructures is actively discussed by researchers. The least expensive method of obtaining colloidal crystals (highly ordered structures consisting of nanoparticles) that does not require local physical influence on the system is based on the ability of nanoparticles to self-organize in the process of random Brownian collisions in real disperse systems [5] . However, with such an approach it is impossible to control the processes of predetermined nanostructures formation. One of the possible solutions to this problem is the physical effects on ensembles of nanoparticles that allow the formation of complex nanostructures without additional surface modifications [6] , however, it is not always possible to achieve the selectivity of the self-assembly process. Note that the modelling of self-assembly processes is widely covered in the modern literature, as it gives a good qualitative and quantitative description of real physical processes and allows obtaining preliminary parameters for carrying out experiments. Thus, a model for describing the self-assembly of CdTe nanoparticles into helical structures due to light-induced charges was presented in [7] , and the processes of nanoparticles self-organization under the action of a non-resonant electromagnetic field with frequencies in a wide range were considered in [8] .
It was also shown in [9] that the interaction of resonant nanosized particles in the field of laser radiation makes it possible to form predefined structures, since the energy of the induced dipoledipole interaction is sufficient to overcome the barrier preventing spontaneous aggregation (which makes it possible to form a stable structure), and their geometry depends on the wavelength and the polarization of the external field. The previous studies (both theoretical and experimental) [10] [11] [12] on the formation of colloidal quantum dots pairs in the field of laser radiation showed the possibility of realizing this method. The further formation of more complex structures (three or more particles) can be realized in the course of a step-by-step process, when a third particle is added to an already formed pair of particles, by selecting the wavelength of the external field.
In this paper a dynamic model of self-assembly of nanoparticles under a laser radiation field is proposed with the aim of investigating the possibility of forming a three-particle structure with different shapes, as well as selecting the necessary parameters of the medium for conducting a physical experiment and predicting its results.
Model for the formation of nanostructures
The method of forming structures with a predetermined geometry as a result of self-assembly of resonant nanoparticles in the field of laser radiation was proposed in [11] [12] [13] . The essence of the method is as follows. The effect of laser radiation on microobjects causes their polarization, which is the cause of the interaction of the particle both with the external field, which makes it possible to form structures with dimensions on the order of the radiation wavelength, and with other particles. In the latter case it is possible to form structures with dimensions much smaller than the wavelength of the laser radiation causing this polarization. The existence of optical resonances of the particle leads to an increase in the interparticle interaction. This can be the basis for the selective formation of various structures with a predetermined position of the particles in the aggregate, since the energy of the interparticle interaction in the laser radiation field depends on its frequency, the resonance frequencies of the particles and the orientation of their group relative to the plane of polarization. A potential well is formed in the spectral and angular dependence of the energy of the interparticle interaction corresponding to the given configuration of the group. If the depth of this well exceeds the energy of the barrier [14] , which prevents spontaneous aggregation, then a self-organized fusion of the considered group into a nanostructure is possible, with a predetermined configuration determined by two independent parameters: the frequency and the polarization of the laser radiation.
For the description the particles self-organization in the laser radiation field, we use the model described in [15] .
Formulation of the problem
Let us consider an ensemble consisting of N particles with mass m j , radius R j and a resonant frequency ω 0 j . The particles in the ensemble interact with each other through the dipole moments induced by the external light field. For each j-th dipole particle at each instant of time t, we define the following quantities:
T is the position of the center of mass of the dipole particle;
T is the vector of translational velocity of the center of mass;
T is the vector of the dipole moment.
At the modeling of the structure formation process in 100 one-type calculations, we had been finding the probability that within a time T 10 ns the center-to-center distance between the particles becomes |⃗ r ij | = 2R j , and also the dependence of this probability on the particle orientation relative to the plane of the laser radiation polarization and its frequency.
We assume that the dimensions of the ensemble are much smaller than the wavelength of the incident radiation, which makes it possible to regard the external light field ⃗ E throughout the ensemble as homogeneous and not to take into account the delay [13] . Then the vector of the electric component of the light wave field can be represented as a harmonic function with a frequency of oscillations ω r , which depends only on time,
Considering a local field near a j-th particle, in addition to the external field, it is necessary to take into account the contribution of all the remaining particles by summing the fields of the dipoles induced on them. Then the dipole moment vector induced on the j-th particle is:
where χ 0j is the linear polarizability of an isolated j-th particle, ⃗ E k is the field induced by the k-th particle of the ensemble at the location of the j-th particle:
where
is the electric constant. Here c is the speed of light.
In accordance with [16] and using (2) we obtain an expression describing the energy of the j-th dipole.
To describe the dipole polarizability of particles, we will use a two-level model [5] . Within the framework of this model, in the simplest case of a single resonance at a frequency ω r characterized by the dipole moment of the transition | d 12 | 2 and the excitation relaxation rate (homogeneous width) , the dipole polarizability of the particle of the neighborhood ω r can be described by the following expression:
where Ω = ω r − ω is the detuning from the resonance, is the Planck constant.
Motion equations
The translational motion of the j-th particle of the ensemble is described by the system of Langevin equations.
is the viscous friction force, ⃗ F c j is the stochastic hydrodynamic force.
The pair interaction includes the Van der Waals energy and the electrostatic repulsion used in this work. To describe the Van der Waals interaction, we use the following expression [5] 
where A H is the effective Hamaker constant, R j is the particle radius,
The potential energy W e j of the Coulomb interaction of overlapping double electric layers for a j-th spherical particle of radius R j is given by the well-known expression [16] :
where k 0 is the screening constant; ε is dielectric permittivity of the environment; ϕ 0 is the potential at the boundary of the Helmholtz layer. It is assumed that the parameters of the medium are chosen so that the force of electrostatic repulsion exceeds the Van der Waals forces, but the effect of laser radiation could lead to aggregation only in resonant structures.
The viscous friction force, which is the main factor of dissipation of the kinetic energy, for spherical particles of radius R j is determined by the Stokes formula
here η is the dynamic viscosity of the medium. The interaction of particles with the environment with a fluctuating density leads to a random change in the trajectory of their motion, which should compensate the effect of the frictional force and preserve the mobility of the dispersed phase. To realize the Brownian motion, we assume that the random force ⃗ F c j has a Gaussian distribution. During the time step ∆t, the particle is constantly subjected to the action of the random force
. Before each step of integration, the magnitude of the projections of the random force on the coordinate axis is chosen from the Gaussian distribution with zero mean and deviation.
here k b is the Boltzmann constant, and T is the temperature of the medium. Taking into account all the forces acting on the particles in the quasiresonance radiation field, it is possible to model the process with the help of Brownian dynamics and to estimate the necessary parameters of the medium and the external field. In the general case, the integration of system (5) can be performed only numerically.
Model parameters
According to the estimates given in [9, 13, [15] [16] [17] as the initial data, we will choose the following parameters: The intensity of the laser field I is defined as I = 10 6 W/cm 2 . At the initial instant of time t = t 0 the translational velocity is set equal to zero. The minimum distance d min between the centers of mass of dipole particles is defined as two lengths of the particle radius d min = 2R j . To find the numerical solution of the ODE system consisting of equations (5), we used the second-order method from the family of explicit Runge-Kutta methods [18] .
Numerical experiment
The particle motion was calculated in a spherical cell in which N particles are distributed at the initial time. The radius of the cell is set to about 20 nm. At each step of the iteration, for each particle, whether isolated or part of the aggregate, the equations of motion (5) are solved in accordance with the model parameters described in paragraph 3.2.
The numerical method is implemented with the step ∆t = 0.01 ns. The random force ⃗ F c j , as was shown in 3.1, has a Gaussian distribution. For its numerical realization, using a random number generator, a random, uniformly distributed quantity was assigned, and then the Box-Muller transformation was reduced to the Gaussian distribution in accordance with the distribution parameters described in 3.1. The probability of assembling particles into a structure was estimated from a sample consisting of 100 one-type calculations. The deviation from the mean value did not exceed 10%.
A pair of fixed particles
Earlier, the possibility of forming pairs with various combinations of metallic and semiconductor particles in a quasiresonant laser field was demonstrated in [4, [10] [11] [12] . Therefore, in this paper we consider the possibility of step-by-step formation of complex structures of N = 3 semiconductor nanoparticles, the parameters of which are defined in 3.2. We assume that particles 1 and 2 are fixed and their orientation in space is realized by an additional light field. To stabilize the orientation, it is necessary to choose non-resonant radiation with an intensity of about I = 10 6 W/cm 2 . Thus, the problem consists in the numerical calculation of the interaction energy between the third particle and particles 1 and 2 as a function of the wavelength and the polarization of the external field, which would allow us to determine the values of these parameters for the formation of a potential well with maximum depth. This, in turn, means that aggregation of particles is possible with the formation of stable structures of nanometer scale, in which the position of the particles is pre-determined. The position of the particles at the initial instant of time is described in Fig. 1 . The distance between a pair of particles was chosen equal to | ⃗ r 12 |= R 1 + R 2 , the distance between the second and third particles | ⃗ r 23 | are 20, 16 or 10 nm, the angle between the lines | ⃗ r 12 | and | ⃗ r 23 | θ can be chosen arbitrarily.
The dependence of the dipole-dipole interaction energy, divided to the thermal energy kT at the room temperature, of three nanoparticles (with a fixed pair) on the wavelength of the external field and the polarization angle is shown in Fig. 2 , ⃗ r 23 = 16 nm : θ = 0
• (left), θ = 120 • (right).
Fig. 1. Initial particles position
As can be seen from Fig. 2 , the direction of polarization of the external field, as well as its wavelength and the location of the third particle, strongly influence the character of the energy spectrum. Fig. 2 . Dependence of the energy of the dipole-dipole interaction of three nanoparticles (with a fixed pair) on the polarization angle α and the external field length λ r , ⃗ r 23 = 16 nm , θ = 0
For the angle θ = 0 • for α = 0 • and α = 180 • (Fig. 2 on the left) , a potential well in the interaction energy of particles of a depth of the order of −50kT , which means the formation of a stable aggregate of a pair of particles. The spectral width of the well is about 20 nm. A different picture can be seen for the angle θ = 120
• , where a potential well of the order of −33kT is observed for α = 90
• (Fig. 2 on the right) . In this case, the potential well is shifted to the blue region by 450 nm.
As the distance between the fixed pair and the third free particle decreases, the detuning from the resonance increases, and the resonance shifts to the red (blue) region for the first and second cases, respectively (Fig. 3) .
Thus, the wavelengths λ r = 690 nm and λ r = 450 nm correspond to the maximum probability of stable nanostructures formation for a fixed pair. The chosen arrangement of particles relative to the plane of polarization corresponds to the maximum probability of formation of the structure. 
Obviously, in the course of Brownian motion, the particles can be arranged in a random position relative to each other and the external laser field. We placed the third particle on a circle with a center in particle 2 and a radius of 16 nm. The wavelength of the external field is λ r = 690 nm. Then for the angle α we obtained the following probability of stable nanostructures formation in the form of a line and a pyramid for a time not exceeding 10 ns (Fig. 4) . The average aggregation time of the three particles in the line is 5.72 ns and 5.36 ns for the pyramid. As can be seen from Fig. 4 , the probabilities of forming both a line and a pyramid in one pulse reach 60% and 50%, respectively. In this case, the angles of the direction of the external field polarization corresponding to the maximum of nanoparticles assembly are 0
• for the line and 90
• for the pyramid, which allows selectively to form the necessary structure. Similar calculations for the wavelength of the external field λ r = 450 nm are shown in Fig. 5 . Thus, for a fixed pair of particles at an external-field wavelength of 690 nm, the most likely structure is a line, and the probability peak is reached at α = 0
• . Accordingly, for the wavelength of the external field of 450 nm, the most probable structure is a pyramid with a probability peak for α = 90
• . Moreover, since the regions in which the formation of both structures are possible intersect, the region in which the process can be considered selective is narrowed. Fig. 5 . The probability of aggregation of the triplet of particles into the pyramid (left) and the line (right), depending on their mutual orientation at λ r = 430 − 470 nm
As was shown earlier [9, 13, 15] , the selectivity of the structure formation depends not only on the angle, but also on the wavelength of the external field. So we considered how the detuning from the resonant wavelength corresponding to effective assembly affects the probability of forming the required three-particle structure (Figs. 4 and 5) .
It can be seen from the figures that when the deviation from resonance decreases, the probability of assembly decreases, and the spread of the angle at which the probability of aggregation is maximal narrows. At the same time, because of the asymmetry of the potential well, deviation from resonance by the same step in the red or blue region gives different results. Also increases the assembly time in the structure to an average of 8.3 ns per line and 9.2 ns per pyramid, respectively. A similar picture is observed for the resonance in the red spectrum of the waves. Fig. 5 presents calculations of the probability of aggregation of particles for wavelengths 430-470 nm into structures most probable for the resonance wavelength λ r = 450 nm. The assembly time for deviation from the resonant wavelength also increases from 4.4 ns to 7.3 ns for the pyramid and from 4.7 ns to 8 ns on average.
The considered model was tested in experiment [9] for the formation of a pair of identical semiconductor CdTe particles in an aqueous colloidal solution using a frequency-tunable pulsed laser with a pulse duration of the order of tens of nanoseconds, providing an intensity of 10 6 W/cm 2 . The error between the experimental results and the model approximation was not more than 7%.
Conclusion
In this paper, we demonstrated the fundamental possibility of forming a three-particle structure in the course of a step-by-step assembly in the field of laser radiation due to the induced dipole-dipole interaction. It was shown that it is possible to attach the third at a given angle to the already formed pair of particles fixed in space, choosing the wavelength and orientation of the electric field vector of the external field. The probability of formation of the structure reached 60% with an appropriate choice of field parameters, and the formation time was about 10 ns. The parameters of the medium and the fields used in the experiment correspond to the parameters of the commercial parametric light generator, which indicates the possibility of realizing this method in practice, and the high probability of assembling the structure in 10 ns (during one pulse) allows us to assume that on average the structure can not be formed more than 2 pulses. A pulse duration of the order of 10 ns and a frequency of their repetition of the order of 10 Hz allow the medium to come to a state of thermodynamic equilibrium after each pulse, which will avoid the destruction of the structure due to prolonged laser action.
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